Background-The nature of teamwork in healthcare is complex and interdisciplinary, and provider collaboration based on shared patient encounters is crucial to its success. Characterizing the intensity of working relationships with risk-adjusted patient outcomes supplies insight into provider interactions in a hospital environment. Methods and Results-We extracted 4 years of patient, provider, and activity data for encounters in an inpatient cardiology unit from Northwestern Medicine's Enterprise Data Warehouse. We then created a provider-patient network to identify healthcare providers who jointly participated in patient encounters and calculated satisfaction rates for provider-provider pairs. We demonstrated the application of a novel parameter, the shared positive outcome ratio, a measure that assesses the strength of a patient-sharing relationship between 2 providers based on risk-adjusted encounter outcomes. We compared an observed collaboration network of 334 providers and 3453 relationships to 1000 networks with shared positive outcome ratio scores based on randomized outcomes and found 188 collaborative relationships between pairs of providers that showed significantly higher than expected patient satisfaction ratings. A group of 22 providers performed exceptionally in terms of patient satisfaction. Our results indicate high variability in collaboration scores across the network and highlight our ability to identify relationships with both higher and lower than expected scores across a set of shared patient encounters. Conclusions-Satisfaction rates seem to vary across different teams of providers. Team collaboration can be quantified using a composite measure of collaboration across provider pairs. Tracking provider pair outcomes over a sufficient set of shared encounters may inform quality improvement strategies such as optimizing team staffing, identifying characteristics and practices of high-performing teams, developing evidence-based team guidelines, and redesigning inpatient care processes. (Circ Cardiovasc Qual Outcomes. 2016;9:670-678.
I nterdisciplinary care has become a cornerstone of healthcare delivery in an increasingly complex healthcare system. Prominent US organizations, including the Agency for Healthcare Research and Quality (AHRQ), Centers for Medicare and Medicaid Services (CMS), and the National Academy of Medicine (NAM), prioritize and promote care coordination as a key strategy for improving healthcare quality. 1, 2 However, defining and measuring the quality and impact of care coordination remain challenging. 2 Measuring and improving care coordination may be particularly important in cardiovascular disorders, especially heart failure, given the large population burden of disease, frequent comorbidity, and complexity of care.
Numerous quality measures spanning multiple domains have been developed to assess care coordination among interdisciplinary team members. 2 These measures use collection methods, such as surveys, claims data, and electronic health record (EHR) data. [3] [4] [5] [6] [7] In particular, the EHR offers a rich and routinely collected data source for studying collaboration. However, assessing collaboration using EHR data is difficult because of the high complexity and volume of data. There are also no standard methods for using patient data to identify relationships among providers.
Social network analysis has been applied broadly in multiple fields for many years and only recently in health care. 6, 8 A network approach can be particularly helpful for measuring care coordination because it provides a scalable framework for considering the interdependency of encounters, the healthcare providers involved, and the effects these relationships have on each entity in the system. This context is necessary to examine the relationships formed between thousands of providers who are caring for patients over time and potentially across multiple healthcare settings.
The widespread adoption of EHRs has fueled interest in big data approaches in health care. 9 Extensive data on individual actions exist within health system data warehouses. Using these data, researchers can construct networks of patients and the providers who care for them during a hospital stay. [10] [11] [12] [13] We previously demonstrated that provider networks for patients with heart failure can be derived from EHR data and highlighted methods for visualizing collaborations between providers who share common patients. 14 In this study, we extended our previous work by developing a scoring system that quantifies the quality of collaboration by associating provider networks with specified outcomes.
Here we demonstrate the application of a novel, graphbased method for computing the shared positive outcome ratio (SPOR), a measure that assesses the strength of a patient-sharing relationship between 2 providers based on risk-adjusted encounter outcomes. This study is a first step toward our ongoing effort to characterize and facilitate improved provider collaboration through a flexible platform that measures the strength and dynamics of working relationships between health providers.
Methods

Cohort Description
Northwestern Memorial Hospital is a large, urban, academic facility with an annual volume of over 51 000 inpatient admissions in 2016. 15 We collected retrospective EHR data from all patients who were admitted to the Northwestern Memorial Hospital cardiology unit from the Emergency Department for observation or inpatient care between January 1, 2012 and February 4, 2016. The cardiology unit has 36 beds (24 inpatients and 12 observations) and cares for ≈4600 patients per year, with an average length of stay of 2.6 days. On a typical day, the unit is staffed by 3 attending physicians, 3 or 4 cardiology fellows, and 4 or 5 midlevel providers (nurse practitioners and physician assistants). Northwestern University's Institutional Review Board approved this study with a waiver of patients' informed consent.
Outcomes of Interest
The primary outcome used in this study was the likelihood to recommend (LTR) as reported by the Press Ganey Associates, Inc. Hospital Consumer Assessment of Healthcare Providers and Systems Hospital Survey (HCAHPS), which measures patients' experience. We selected this outcome because it is becoming increasingly important as healthcare organizations move to become more patient-focused. 16 In addition, it has been shown to be highly correlated with patient perception of teamwork or collaboration among providers as measured by the HCAHPS instrument in both inpatient (Northwestern Memorial Hospital Analytics Team, unpublished data, 2016) and outpatient 17, 18 environments. Thus, we reasoned that teamwork as measured by the SPOR parameter could be associated with patient experience. The response rate for the period coinciding with our data set was ≈19%. The LTR is measured on a 5-point Likert scale. 19 We defined a positive outcome as an LTR score of 5 of 5 (highly likely to recommend or LTR+), the top box score as defined by the Centers for Medicare and Medicaid Services scoring system, and a negative outcome as a score of 4 of 5 or below (not highly likely to recommend or LTR−). Changing the definitions of positive and negative outcomes may be reasonable depending on the application and results may be affected. We used the Emergency Severity Index (ESI)-level (http:// www.esitriage.org) for risk adjustment modeling of the encounters. This tool is designed to capture information on both patient acuity and the number of hospital resources required to treat a patient. 20
Data Extraction and Initial Graph Construction
Our data extraction and management pipeline are illustrated in Figure  1 . Northwestern Memorial Hospital uses the Cerner EHR system to collect all inpatient clinical data. These data were transferred via extract, transform, and load scripts to the Northwestern Medicine Enterprise Data Warehouse (NM EDW) for EHR data 21 and housed in operational data stores. We used Microsoft SQL Server Management Studio 22 and the T-SQL procedural language to export raw data from the NM EDW to comma-separated value (.csv) files. We loaded a cleaned version of this extracted data set into a Neo4j 23 graph database, which served as a repository and a query engine for our analysis. We accessed and updated data in this repository using Cypher (Neo4j's native query language), Python, 24 and the Py2neo library. 25 We created and evaluated networks using the NetworkX package. 26 R 27 was used to perform statistical analysis and calculate risk adjustment factors.
For each encounter, we extracted associated properties, a list of all healthcare providers who performed clinical activities, patient acuity level, and encounter outcome. Next, we created 2 types of networks: (1) provider-encounter and (2) provider collaboration. The providerencounter network was used to identify providers who shared encounters and to characterize collaboration for each pair of providers over their set of shared encounters using the SPOR metric. After collecting associated outcomes and acuity values for each encounter, we used a logistic regression model to risk adjust outcomes and updated the provider-encounter network to reflect these adjustments. Subsequently, we created a provider collaboration network with providers as nodes and connections between them signifying that 2 providers shared at least x patient encounters. The network was then further modified as described below to incorporate information from the SPOR.
Using the SPOR to Characterize Collaboration
The SPOR measures the strength of an encounter-sharing relationship and helps to determine the number of good outcomes 2 providers achieve when working together versus when they work with any other provider. This method is designed to handle any binary outcome (ie, positive/negative), and additional variables could be naturally
WhAT IS KNOWN
• Teamwork comprises a key component of high quality, coordinated care, but few methods to measure teamwork exist. • The widespread adoption of EHRs has created an opportunity to use social network analysis to examine the relationship between teams and patient-centered outcomes.
WhAT ThE STUDY ADDS
• The shared positive outcome ratio (SPOR) demonstrates the ability to link high-performing and lowperforming teams with relevant, risk-adjusted patient outcomes, such as patient satisfaction and likelihood to recommend. • The SPOR enables the evaluation of complex and dynamic teams, understanding that teams and team members change constantly and some teams work together more often than others in the real clinical environment. • Future work should expand the SPOR method to evaluate larger provider teams and individual provider contributions to patient outcomes in these teams.
included in the logistic regression model that is used as the basis for risk adjustment. However, choosing meaningful outcomes and associated risk adjustment factors requires proper domain knowledge because the quality of the results depends on the relationship between the outcomes and the data set. The outcome of interest selected in this demonstration project was patient satisfaction. Before calculating the SPOR metric, we weighted the contribution of each encounter outcome ("highly likely to recommend Northwestern Medicine to others" versus "not highly likely to recommend") using patient acuity as an adjustment factor and a corresponding set of probabilities of the encounter outcomes given the acuity level. Logistic regression was used to confirm associations of acuity with the outcomes and to estimate probabilities of the outcomes given the data. Adjusting the outcomes in this manner generously rewards unexpectedly good outcomes, heavily penalizes unexpectedly bad outcomes, and gives smaller rewards and penalties for expected outcomes (Equation V in the Data Supplement). The purpose of the risk adjustment is to consider the implicit variability in the attributes of encounters shared between providers.
The SPOR value for a pair of providers j and j′ can be defined as follows:
where A j and A j ′ are the sets of patient encounters involving providers j and j′, respectively; r i , the risk-adjusted outcome, x, a set of baseline covariates, y i , the encounter outcome ([0,1]); and E (r i x i ) is the expected outcome (Equation IV in the Data Supplement). The denominator, which is similar to the Jaccard index, 28 measures the prevalence of encounter sharing between the 2 providers without considering outcome. The numerator reveals the ratio of positive to negative encounter outcomes that 2 providers share relative to the positive to negative outcome ratio for all encounters, involving either provider. In essence, the SPOR is a summary of the observed versus expected number of positive outcomes for shared encounters between 2 providers. An illustrated example is shown in Figure 2 .
Incorporating the SPOR Metric into the Network Analysis
We calculated the SPOR value for each pairwise relationship and added this as the edge weight to the relationships in the provider collaboration network. We created 5 separate networks with different threshold values for the number of encounters required to constitute a collaborative relationship. The rationale behind testing these various thresholds was to find a balance that would filter emerging relationships based on few encounters that are strongly affected by each new shared encounter outcome while allowing potentially interesting relationships to remain.
To test for significantly high-scoring collaborations in the real provider network, we created a copy of the provider-encounter network and randomly assigned risk-adjusted outcomes to each encounter. This process was repeated 1000× to create a set of random collaboration networks. The SPOR value of each relationship in the real network was compared to the corresponding relationship in each random network. The significance of a given SPOR score in the real network was determined by the frequency with which the value exceeded its counterpart in the corresponding random networks. The resulting P value was used to define extreme high (P≤0.05) and low (P≥0.95) SPOR values. Subsequently, we categorized providers who participated in the largest number of these extreme-valued collaborations into highand low-SPOR groups. Providers were placed in one of these groups if they had (1) more than 10 collaborations involving more than 6 encounters and (2) more than 10% of their total collaborative interactions in the network with a P≤0.05 (high SPOR) or P≥0.95 (low SPOR).
Final Data Set Description
The final cleaned data set included 1104 encounters, each with an associated LTR score. There were 777 encounters for which the patient indicated that they were highly likely to recommend (LTR+) and 327 encounters resulting in the patient being not highly to recommend (LTR−). Encounters were identified as either observation (58%) or inpatient (42%). We identified 1474 providers, each holding 1 of 5 general positions (Physician [Hospitalist, Specialist, and Referring], Physician Assistant, Advanced Practice Clinician, Resident/Fellow, or Pilot Nurse). Our data set included 2190 unique activity types, which we grouped into 17 categories. Each activity was either a note (includes forms) or an order. Each provider performed at least 1 activity during each encounter with which they were associated. The activity type and the number of actions performed were not considered 
Results
Data Set Statistics
The full provider-encounter network included 2578 nodes (1474 providers and 1104 encounters) and 16 443 directed edges. Each directed edge from a provider node to an encounter node, indicated that the provider performed 1 or more actions during the encounter. The encounter-level descriptive statistics for our data set are shown in Table 1 . Although highly variable, the average cardiology unit patient had a total length of stay of 62 hours (including time in the Emergency Department) and was assigned acuity level 2 (Emergent). The average encounter involved the work of 53 providers, each of whom performed 6 actions.
Collaboration Networks
We analyzed significantly high-and low-SPOR values for 5 provider collaboration networks with different shared encounter thresholds. We observed that the distribution of SPOR values narrowed as more shared encounters were required to define a collaboration (Figure 3 ). In general, there was lower variance among SPOR values for networks based on higher thresholds ( Table 2 ). The volatility of SPOR values in the low-threshold networks motivated setting a minimum requirement for shared encounters. Ideally, a chosen threshold would create the relative stability of an approximately normal distribution while not removing potentially interesting relationships from the network. On the basis of our threshold analysis and discussions with team clinicians, we defined a collaborative relationship between a pair of providers if they shared ≥6 patient encounters. We conducted all subsequent analysis on this network. This threshold process should be performed when processing any new data sets using our framework. The choice of threshold should be study dependent and SPOR results may be affected.
We identified 139 providers who participated in 1 or more high-scoring collaborations and 125 providers involved in 1 or more low-scoring collaborations. Sixty-three providers were involved in both high-scoring and low-scoring collaborations. Applying the high-and low-scoring group definitions detailed in the Methods section of this article, 22 providers fit the criteria for the high-SPOR group (Table 3 ) and 22 providers qualified for the low-SPOR group (Table 4 ). These 2 sets did not overlap when a minimum of 10 collaborations The SPOR answers this question: How many more positives outcomes do these providers attain when they collaborate vs when they collaborate with other providers? In this example, 30 patient encounters are shown. Some patients report a positive outcome ("highly likely to recommend Northwestern Medicine to others", red), whereas others report a negative outcome ("not highly likely to recommend," black). Provider 1 (P1) interacts with 20 of these patients and Provider 2 (P2) interacts with an overlapping 20 patients. Providers 1 and 2 share 10 patient encounters with 9 of 10 reporting a positive outcome. If the rate of satisfaction was the same inside the overlap as it is outside of the overlap, the SPOR would be 1, which is the expected value. In this example, however, both providers have greater success when working together (ie, inside the overlap) and the SPOR value is greater than 1. This metric was calculated for each pair of providers in the network. Descriptive statistics showing length of stay (LoS) in hours, activity count (the number of times an activity type occurred), action count (the number of activity instances or provider actions), and the number of providers who performed at least 1 activity during the encounter.
involving ≥6 encounters was required, although without this restriction the groups did share members. The average number of extreme-valued collaborations was similar for the high and low groups (3.55 and 3.95, respectively); however, the average number of total collaborations for a provider was lower for the high-SPOR group (19.73) than the low-SPOR group (24.95 ). An average of 18% of total collaborations based on 6 or more shared patients were significantly higher than expected (P≤0.05) for members of the high-SPOR group. For the low-SPOR group, the average proportion of collaborations based on 6 or more shared patients that were significantly lower than expected (P≥0.95) was 16%. Notably, providers in the high-scoring group were involved in an average of 34.55 encounters total, whereas those in the low-scoring group were involved in an average of 41.91. High-SPOR group members had a higher percentage of their total encounters result in positive outcomes (78%) than the low-SPOR group (65%).
A subset of the provider collaboration network consisting of 22 providers and 30 relationships is shown in Figure 4 . This small sample of the larger network not only highlights the interconnected nature of provider relationships but also shows that successful collaboration in term of patient satisfaction is highly Although the size of the networks decreased sharply as the threshold increased, the percentage of significant SPORs remained relatively consistent. The decrease in extreme SPOR values and SD indicated a tighter SPOR distribution for higher threshold networks (see also Figure 3 ). SPOR indicates shared positive outcome ratio.
variable. Providers involved in high-scoring, significant collaborations (highlighted relationship) are often involved in other collaborations with an average or low-valued SPORs. The underlying causes of this variability will be explored in future studies.
Discussion
Through analysis of a cardiology unit data set using our SPOR method, we have demonstrated that working relationships between provider pairs in an inpatient cardiology unit are unequal when considered in the context of patient satisfaction. Despite the fact that many providers participate in both high-and low-scoring relationships, increased collaboration frequency between members of a provider pair may improve resulting patient outcomes. However, top collaborators in the cardiology unit had fewer total established collaborative relationships on average than those in the low-scoring group. In addition, these top collaborators were involved in fewer total encounters, but had a much higher percentage of positive outcomes for those encounters versus the low-scoring group, suggesting that contributions from strong individual providers may improve outcomes for a collaborating pair.
Characterization and evaluation of a collaboration network reveal previously unknown strengths, weaknesses, and patterns of interaction. Our method can be used to measure the overall performance of a clinical service in terms of a chosen outcome and to identify an individual's potential as an effective collaborator. A low-SPOR score does not indicate that a provider has inferior clinical skills; rather, it may reveal previously unrecognized structural or organizational barriers. Clinical workflows and protocols can be overlaid on top of the collaboration network to identify potential problem areas, which we demonstrated in a recent study. 29 These data reviewed periodically by hospital and provider leadership may lend insight into teamwork barriers and allow for development of interventions to improve collaboration. This could be formatted in the context of quarterly quality reviews on the unit or by discussion Collaboration statistics and associated encounter statistics are shown for 22 providers who had (1) at least 10 collaborations involving 6 or more encounters and (2) at least 10% of these collaborative relationships in the top 5% of SPOR scores (P≤0.05). The provider list is sorted from most to least by the number of collaborations involving 6 or more encounters. The DEID is an anonymized provider ID. ED indicates Emergency Department; and SPOR, shared positive outcome ratio.
among unit staff sharing best practices and addressing barriers. Furthermore, the flexibility of our framework allows it to be used to study other important outcomes, such as 30-day readmissions, mortality, patient-reported outcomes such as quality of life, and operational metrics such as length of stay and cost. Other risk adjustment models could also be introduced. 30 This study was intended as a demonstration project and as such has several limitations. First, although the EHR can be a valuable source for patient encounter data, it does not capture the entirety of the communication spectrum among providers within a clinical setting. As a result, our current models are missing important information about working relationships that could affect patient outcomes. However, if available, this auxiliary data could be incorporated to create a more informed collaboration model. Second, our method focuses on pairs of providers rather than a more comprehensive analysis of the social network surrounding the patient. We chose this approach because a provider pair represents the building block for the entirety of the care team. Understanding how a particular pair performs may elucidate strengths and weaknesses within a team and identify potential areas for intervention. In addition, due to the complexity, heterogeneity, and reassortment of team members for heart failure in our data set, we could not consistently identify more than 2 member teams with enough patients and outcomes. To better characterize team recombination, future analyses with larger data sets will attempt to develop models for understanding collaboration among groups of multiple providers and the relationship to patient outcomes, as well as an individual provider's contribution to these collaborative relationships. Third, as this was a retrospective and descriptive study, we were not able to validate our model with the data available. To address this issue, future work will include sources of qualitative data, such as focus groups of providers, provider surveys, and interviews to determine factors that could potentially affect collaborative relationships. We plan to build a SPOR model concurrently with these qualitative studies for validation purposes. Collaboration statistics and associated encounter statistics are shown for 22 providers who had (1) at least 10 collaborations involving 6 or more encounters and (2) at least 10% of these collaborative relationships in the bottom 5% of SPOR scores (P≥0.95). The provider list is sorted from most to least by the number of collaborations involving 6 or more encounters. The DEID is an anonymized provider ID. ED indicates Emergency Department; and SPOR, shared positive outcome ratio.
Conclusions
We have demonstrated a novel approach for calculating the shared positive outcome ratio (SPOR), a metric that quantifies the ratio of specific positive outcomes shared between 2 providers. We have shown that it is possible to identify sets of high-and low-scoring collaborative relationships over a set of shared patients. Provider collaboration characterized by patient satisfaction varies widely across sets of shared patients. Objective measures of collaborative relationships provide a foundation for evaluating methods for improving care coordination and patient outcomes. 
